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There have been few previous attempts to evaluate fertility or semen quality among male workers exposed to EDB. In one published study of birth rates 317 318 among wives of men exposed to EDB compared with United States national rates a statistically significant decrease in the observed/expected birth ratio was found for one of four plants where EDB was used. `5 In previous investigations of sperm characteristics small sample sizes, lack of specification of the methods of sample collection and analysis, or lack of comparison groups and exposure data have resulted in inconclusive findings. [15] [16] [17] [18] [19] [20] previous investigators have not examined a range of sperm characteristics (including viability, motility, and morphology) which may affect male fertility, with the exception of a longitudinal study of timber fumigators with short term exposure to EDB using identical methods as those described in the present study,20 in which a statistically significant decrease in sperm velocity was observed when pre-and postexposure samples were compared.
To investigate the potential mutagenicity and spermatotoxicity of EDB among workers with long term exposure, we conducted a cross sectional combined cytogenetic and semen study among male workers exposed to EDB used in the treatment of papaya for fruit fly infestation on A detailed questionnaire was administered by personal interview to provide data on personal and demographic data, medical history, smoking and drinking habits, work history, and current and previous exposures to chemical and physical hazards. Subjects were asked to collect a semen specimen at home by masturbation into a coded, sterile glass jar after a minimum of two days and preferably less than five days of abstinence, to place the sample in the thermos flask provided, and to bring it to the laboratory within one hour of collection. The data and time of ejaculation, abstinence period, and spillage (if any) were recorded on the jar label by the subject. Semen samples were received from a total of 48 exposed and 43 unexposed subjects (96% and 86% respectively of those who agreed to participate). Two exposed men were found to be azoospermic. Subsequent medical examination of these men determined the cause to be Klinefelter's syndrome and bilateral cryptorchidism respectively, and they were eliminated from further analysis. 
Sperm concentration
One hundred microlitres of semen were mixed with 100 lI, of distilled water. Five microlitres of this suspension were placed on a Makler Chamber and the sperm were counted using DIC microscopy. Replicates were prepared and counted for each sample.
YFF bodies
The YFF sperm assay is a quantification of the incidence of sperm with two fluorescent bodies (YFF bodies) and has been proposed as a measure of Y chromosomal non-disjunction.3" Semen samples were analysed according to the method of Kapp and Jacobsen.3" Semen smears were stained with quinacrine dihydrochloride and scored under fluorescent microscopy for the number of sperm with zero, one, and-two fluorescent bodies, expressed as a percentage of the total number of sperm counted. Only normal (oval) sperm heads were counted. In most cases 500 sperm were counted; in a few cases 100, 240, or up to 520 sperm were counted, depending on the number of normal sperm observed on the smear. Replicate slides were read for about half the samples, and eight slides were read twice to assess reader repeatability.
STATISTICAL ANALYSIS
Data for each semen characteristic were tested for normality using the Shapiro-Wilk statistic for sample sizes of less than 51.32 In the case of proportions-for example, the percentage of motile or viable spermlogistic transformations of the data were used; for all other data that were not normally distributed, the least severe transformation that did not significantly depart from normality was used. (In the case of sperm concentration, a square root transformation was used; natural log transformations were used for semen volume, distance velocity, and area and width of sperm heads.) Variables were analysed using two sided t tests and least squares linear regression analysis, except for abnormal sperm classifications, which were analysed using the FUNCAT procedure for multinomial data.33 This procedure permits the pling periods were similar and have been combined. Full shift exposures ranged from an average of 16 ppb (forklift drivers in plant 5) to 175 ppb (forklift drivers in plant 3) with a geometric mean of 88 ppb, and were generally below the proposed OSHA eight hour TWA standard of 100 ppb and far below the current standard of 20 ppm (20 000 ppb). Numerous individual samples exceeded the NIOSH recommended eight hour TWA of 45 ppb and the ceiling limit of 130 ppb. Analysis of variance showed no significant differences across either job categories or plants, although exposures were higher in plant 6 (mean 148 ppb) where packing and sorting were done in the fumigation chamber itself. The geometric mean of the short term exposures for forklift drivers was 87 ppb and for fumigators, 40 ppb; exposures ranged from 12 to 262 ppb. The lower full shift values for these workers may be attributed to the fact that they also spend more time outside the plant than packers and sorters, different between the exposed and unexposed groups; it was lower in the exposed group than the unexposed group after adjustment for abstinence and subject's age as significant confounders (table 3) . Similarly, sperm concentration was lower in the exposed group, but after adjustment for abstinence, the subject's age and ethnic background, and caffeine consumption, this difference was not significant. A significantly higher proportion of exposed men, however, had oligospermia (sperm concentrations of less than 20 million per ml) (21-7% v 4-7%; p = 0 03). (There were no azoospermic men other than the two previously excluded from analysis.) When sperm count per ejaculate was considered, the effect of exposure was highly significant (p < 0 01) after correction for abstinence as the only significant confounder. (Note that the semen pH of exposed subjects was significantly more alkaline than that of unexposed subjects (8-01 v 7 9; p = 0-03) after consideration of other factors (data not shown); however, subsequent analyses suggest that some drift in pH may occur Sperm morphology and morphometry-The overall percentage of normal sperm (sperm with oval heads and normal tails) among exposed men was not significantly different from unexposed men before or after consideration of other factors; the subject's age and ethnic background were the only significant confounders (table 5) . When all abnormal morphological classifications were considered simultaneously using the FUNCAT procedure, however, the exposed group had a significantly higher proportion of sperm with abnormal tails (p < 0.001), absent heads (p < 0.001), and tapered heads (p < 0 001) when corrected for age and ethnicity. (Note that the acceptable level of significance used in this analysis is p < 0 001 as discussed above.) When representative sperm head morphometry measurements were considered (table 6) exposure was associated with a decrease in sperm head width (p < 0O04), which agrees with the finding of a significantly increased proportion of tapered heads among the exposed group using sperm morphology analysis. The overall effect of exposure on morphometry, however, was not significant when tested by the multivariate MANOVA procedure (table 6) . YFF bodies-The proportion of sperm with YFF bodies did not differ significantly between the exposed and unexposed groups (table 7) . No other factors were found to be significantly correlated with exposure and YFF bodies.
Analysis by job and duration ofexposure
To determine if a dose response relation between the effect of duration of exposure and semen quality could be observed, the data were analysed for each semen characteristic by years of exposure by comparison with controls, correcting for significant confounders. No significant linear trend with increasing duration of exposure was observed for any semen characteristic with the exception of sperm viability by vital stain (p < 0 02), hypo-osmotic swelling (p < 001), and percentage motility (p < 003); in these cases longer duration of exposure was associated with poorer sperm viability and motility. No differences in sperm characteristics between workers who had potentially higher (peak) exposures (fumigators, forklift drivers, and workers in plant 6; n = 18) and other exposed workers (n = 28) were found when compared with unexposed workers. This may be due to the close comparability of full shift exposure levels, although small differences may not be detectable with this sample size.
Discussion
These data indicate that chronic exposure to EDB in this population is statistically significantly related to decreases in sperm count per ejaculate, the percentage of viable and motile sperm, and increases in certain types of morphological abnormalities (tapered heads, absent heads, and abnormal tails) after consideration of smoking, caffeine and alcohol consumption, subject's age, abstinence and age of sample, history of urogenital illness, and other potentially confounding factors. A significantly higher proportion of the exposed group were oligospermic, although the difference in mean sperm concentration between the two groups did not reach statistical significance after correction for confounding factors. The mean semen volume and overall proportion of normal sperm were also lower in the exposed than the unexposed group but, again, these differences were not statistically significant after consideration of other factors. No significant effect of exposure on sperm velocity or YFF bodies was observed.
As stated in the methods section, there is an increased likelihood of a false positive result when performing multiple comparisons if the acceptable level of significance for each test is not adjusted. In the present study groups of tests were tested where appropriate for the significance of exposure and other factors by multivariate techniques which yield p values adjusted for the number of comparisons and improve the confidence with which a given effect may be ascribed to exposure. The effect of exposure on the group of sperm viability and motility measurements was still highly significant (p < 0.01; table 4) as on the overall group of abnormal sperm shapes (p < 0-001; table 5). The effect of EDB exposure on sperm count per ejaculate is also highly significant (p < 0-01; table 3); this appears to be a function of an effect both on semen volume and sperm concentration, suggesting that EDB may affect both spermatogenesis and seminal fluid production. This is further supported by the finding of a significantly higher proportion of oligospermic men among the exposed group. Thus even if a strictly conservative statistical interpretation was used these findings are consistent with a deleterious effect of EDB exposure on semen quality.
There was no overall effect of duration of exposure on semen quality, with the exception of sperm viability and motility, which was poorer among men with longer exposure to EDB. This finding provisionally suggests that, unless permanent damage has occurred to primary spermatogonial cells or to, for example, the hormonal control of testicular function, the effect of EDB on spermatogenesis reflects current rather than cumulative exposure owing to the constant turnover of sperm production. This is consistent with the observation in animals that recovery of normal spermatogenesis occurs after cessation of Semen quality in workers exposed to ethylene dibromide 323 324 exposure13 and the fact that EDB is rapidly metabolised in biological tissues. 13 The results of this study are supported by previous animal data showing effects of EDB on sperm concentration, motility, and morphology (see introduction), although none of the animal studies to date has evaluated semen volume, pH, or sperm velocity. Previously available studies on human semen quality are, when taken together, suggestive of an effect of EDB on sperm concentration but are inadequate to evaluate potential effects on other semen characteristics. (In our previous longitudinal study of 12 workers with about two months exposure to EDB at levels comparable with those found in the present study20 only a statistically significant decrease in sperm velocity and a marginally significant decrease in semen volume were noted when pre-and post-exposure samples were compared. The lack of observed effects on most semen characteristics may be due to an insufficient sample size and the fact that early stages of spermatogenesis would not be observable over the period of study as well as the short duration of exposure. The lack of effect of EDB on sperm velocity in the present study may suggest a transient early effect of EDB which is not observable after long term exposure, when the percentage of motile sperm appears to be significantly reduced but not the velocity of the remaining (motile) sperm.) The effect of EDB on semen quality is also consistent with the observation that certain other alkylating agents, such as some cancer chemotherapy agents, and the structurally similar pesticide dibromochloropropane (DBCP) also affect spermatogenesis (see review by Wyrobek etal3l).
The number of subjects studied may limit the ability to detect small changes in certain semen characteristics due to exposure even if such differences are really present. In the case of sperm concentration a sample of 46 exposed and 43 unexposed men was sufficient to have had an 80% chance of detecting a 32% or greater decrease in mean sperm concentration in the exposed group compared with the mean of our unexposed group at a two sided alpha level of 0 05 (using a square root transformation of the data). In the case of semen volume our sample size permitted an 80% chance of detecting a 25% decrease in mean volume in the exposed group compared with the mean of our unexposed group (using a log transformation of the data); similarly, for sperm velocity, an approximately 10% decrease in path length or distance velocity could have been detected in exposed workers. Thus smaller true differences between these groups for these semen characteristics could not be determined with confidence in the present study population. In the case of YFF bodies the sample size was sufficient to detect an approximately 26% difference between the two groups at an alpha level of 0 05 and Ratcliffe, Schrader, Steenland, Clapp, Turner, Hornung 80% power. It should be noted, however, that considerable variation in these measurements, probably due to the subjective nature of the scoring method, was observed. For 50 subjects for whom replicate slides were read, the absolute difference in percentage of YFF bodies between pairs of slides ranged from 0 to 2 2% (mean 0 6 + 0 46%), representing an approximately 50% variation on average from the mean of 1-2-1 3% in the two groups. In view of these technical difficulties and the fact that considerable controversy exists as to the meaning of these fluorescent bodies (AJ Wyrobek, personal communication), the results for this assay should be interpreted with extreme caution.
Possibly the results of the study may be biased if systematic differences exist between the two groups with respect to participants and non-participantsfor example, if men with suspected reproductive problems were more likely to participate in the exposed group than in the unexposed group or vice versa. All currently exposed workers were given individual explanations of the purpose of the study before the field phase and the participation rate was high with the exception of the sixth plant located during the field study. There were no clear differences between participants and non-participants with respect to demographic characteristics, and reasons given for non-participation were generally unrelated to factors which may potentially affect semen quality. Random selection of 50 (paid) volunteers from the control population was done to minimise the possibility of selection bias in this group. Thus we consider it unlikely that selection bias could explain the results of this study.
Several other factors that differed between the exposed and unexposed groups were found to be significantly related to semen quality in this population. It is well established that abstinence time affects both semen volume and concentration37 and in this population as well longer abstinence times were associated with an increase in both these parameters. The age of the sample at analysis is also known to affect strongly sperm viability, motility, and velocity38; in the present study none of the samples exceeded two hours from ejaculation to videotaping (average 40 minutes in each group) and no In the present study eight exposed and three unexposed workers reported in the questionnaire having had problems having children, but in no case was the caused cited as the man's in the eight cases where a doctor was consulted (one case in each group was of unidentified cause). The number of participants was clearly insufficient, however, to evaluate quantitatively fertility or reproductive outcomes in relation to exposure. There are, however, several lines of established evidence that link poor semen quality with impaired fertility, and some evidence to suggest that alterations in semen quality may be associated with adverse reproductive outcomes where conception has been successful. Subfertility has long been associated with low sperm counts, although it is not unusual for pregnancies to occur where the sperm concentration is consistently below 20 million per ml.3940 The importance of sperm motility and morphology as well as the number of sperm has been increasingly recognised as indicative of fertility potential in men.4' 4 Alterations in semen quality have also been linked with adverse reproductive outcomes. For example, several studies have found an association between low sperm concentration and motility or increased abnormal sperm morphology and spontaneous abortions,44-46 although a more recent study by Homonnai et al failed to show such as association. 47 Finally, there is also evidence from animal data, particularly the mouse sperm morphology assay, that there is a high correlation between chemicals with known germ cell mutational activity and their ability to produce morphological changes in the sperm head48; this suggests that agents that produce morphological changes in sperm in this species should be regarded as suspect germ cell mutagens in mammals. 48 Overall, these data support the hypothesis that chemically induced alterations in semen quality increase the risk of impaired fertility and may increase the risk of adverse reproductive outcomes. 325 
Conclusions
There is a considerable body of research to support the view that impairment of one or more aspect of semen quality is associated with impaired fertility and, less certainly, with adverse reproductive outcomes. Our findings of decreases in sperm count, 'liability, and motility and increases in certain types of morphological abnormalities among workers with long term exposure to EDB strongly suggest, therefore, an increased risk of reproductive impairment at levels near the NIOSH recommended standard of 45 ppb (as an eight hour TWA) and far below the current OSHA standard of 20ppm.
